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AN AIRFOIL SP.4NNING AN OPEN JET*

By J. St&per

STJMMARY

The first part of the report treats of the theory in-
volved. Proceedin~ from the fundamental problem on the
mutual relation of a wing aild free bouildaries the distri-
bution of the circulation is determined for au airfoil
spanning an open jet of rectangular section at differeilt
aspect ratios, and then for an open jet cIf circular sec-
tion.

The solution is obtained by means of a l?ourier series
and. computatioils have been performed for clifferent values
of the variables.

The second part describes the experiments performed
for the purpose of proving the theory. Tk-e results con-
firm the theory. in conclusion it defines the induced
drag of a wing extendiilg across an open jet and compares
it with the drag of a monoplane having a span equal to the
jet width at equal total lift.

The present
extending across

I. ~~~TRODTJCTION

report treats of tb.e case of an airfoil
an open jet on the basis of Prandtl’s

airfoil theory (reference 2).

The problem consists in analyzing the phenomena pro-
duced on an airfoil of constant section when extending -
normally to the jet axis - through the ceater of an open
jet or rectangular or circular section.
———————_—_— __________________________................—-—..-.-————...——_—_.-.——.-—

*“Der durch eijleil3’reistrahl hiad-~rcki~;estec!.cteTragfl&el
(reference 1). Ingenieur-Archiv. vol. 111, 1932, pp. 338-
355.
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In contradistinction, to the ..calcu.l.ationin the airfoil
theory regardi~~g the wing of fiilite %paii ‘o:Jtin an iilfini.te
fluid..the wing ‘here is, so to say, ,of iafinite span, where-
as the fluid has certain houildaries”. A differentiation is
made between two kinds of boundaries: fixed malls and open
jet boundaries, i.e. , such, ~eyond which the velocity vec-....
tor disappears. ‘1’neprese:iit’problem pertains to the case
of free lc?undaries. Fractical iflterest attaches to the so-
lutiou of the problem (reference 3). 1:1 steam turbine de-

sign one em:310ys va-nes s~a’nniilgthe je~s. Besides, the air-
foil extendins across an Opeil jet affords an ~’ero?ynamic
test. arra~gement of r$ore t“han y.suai simplicity~.(re fcr~nce 2,
p. 52). With circular jet section the” solution answers in
part the question as to the iilierferenca of t]l-f>,~Jii~strea~~.,

on the wing and the control surfaces of an air~la:le.

II. Theory
,..

!’.

‘The condition to be fulfilled with t“he existence of
free jet boundaries is the coastaficy of the ~ressutie on
then. The pressure ‘equals that’ of the fluid at”’,reit.

in the first order the condition ~S fulfilled 3y ~~%t-
ting t’he interference .velocity-colmponent on t}.e free ‘iQuQd-
aries in the flow directioilequal t.o zero, this velocity
com~onent %,ein.~due to a disturbance for instance, an air-
foil across a jet. . .

‘T-nefolloving coordinate sYst~]ilis used:

x- direction coincid.en.t with the wing,
. . .

Y - directioil of flow,

z- d.ownward.. ~!..

V!ith u, v, w,. as velocity components of the iaterfer’eilce
on the free bou.ndar.y and V the strec.m velocity, Berno~.lIiis
theorem gives

..,: ..!”
J..:., ‘“(””~j+ v)2 + u2 + W2 u Co:lst. ‘=..V2

...,. .“ ..”,
or
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In first order this gives the .alo+e cofiditio”nt-hat .V := o
on the free. boundaries (r~ferenc”e 2). The method of solv-
ing such problcrfls is to -a~snl~c a?infi:lZ.te. fluid an@ to.,....
choose the appropriate velocit:? COIilpOileIltin the flow cli-
re”ciioh G“qual “to zaro on the, surfaces which are to represent
thefr’ee b.otindaries. Tl~e chailges pi-odnced. by’ these addi-
tion.al fiows co”nstityte tke ef,fect ofthe’free” houndariesi..,.

Pr”oblem 1* A ~laae as free boundar~.- Assumln& that.
_————————&—_. ——.-————..——-.-————————

in the half space x > 0,the rate “of fluid flLow”is V “0.ild

static’ ‘in the X<o &lf;
free boundary.

tlien the plane x = o %s a
A cylindrical w“ing of ‘iilfin”iiespan lying

on the x axis has the circulatioil o at point x 5< 99
because the pressure at top and bottom ed~e of the win:; is
tilC same. AccordiT~.~ly ~he” q~?,estiorLiS Dosed Z:E tO hO’W the
cii-cula.tion drops from ~Tm” (infi~>ite f~v.j.d)to~ when(~~:” :Orm,
x = o. The solution of t~li~ pro1Jle7il.~iVeS in SiL13
i~~forI,latiOnon t~le ~e~aavior of tfi..eflow at the ~jo~lltat
which t::c airfoil p?.sses tb-rovgh the free ‘oo-.~n.d.ary.The
sin~ularity established for this poilit shoul{<.likewise oc-
cur with all otiler “~ounda,ry turf ac es (circular .je$, etc.).
T~le addition of a~i eq~.zalwi.z~gportioi~ with angle of attack
-u i~l the negative x axis to the wiii{~portion, with +~

anzle i-npo~~.tive x axis, prodn~ces no i~te~fere:~.ce v<,loc-
j-t:y v in the plane’ x = o ~ith e.ss.~?~edlycoilst~lltair
streax i.r~fluid of iafi:lite exteti.t. The an~’le” -a is so
d-eiineiithat with it the wi~~~ has the sar,e hut opposite
circulation as witla +a. T3en at e~.ch poi:l.t of x = o
til.ereis ail equal but ~.:.ve-rsei~ C.irectzd coi.,:)o~lentv, .Of
tile On~ wing Part conforfilab~Y to t~~e ‘~ cor.lponeiltof ano-
ther part, so that the res~~ita:lt disapIjeal-s. On the prer~:-
ises of the first order th-e v cOmpOilent as well as tile
w component becomes zero. The u -co~.po~~ect ilOi’1:i.9.1tO
x = o effects a deforiim.tion of the boundary.

The su”~sequent tl-ea.tuent of the pi”okie~ vrhTLc31leads
to the questioil of the circul.a’tier.dis~i-ibutioa .of a wing
with variable chahge of an~le of attack, is tieveloned in
the following prOi)lem, in which th~ abOVe pi’o”olemis COi~-
tained as a special case.

Pro b~Qg 2: ,- ‘-.-.-,__ ,-,- .__,_______ ..__-,__=.TWO ‘oara~~~~ ~~ailes aS free bouil?Laries.

Rounded by the surfaces X.==o and x= t, th: rate of
fluid flow is assumed as V. Adtiitteily, i~. f~-~~i~Lof in-
fiilite extent ail airfoil 1~’in~:on axis X produces no in-

terfereilce velocities v on X=o :ar-d x = 1 when, i..ts
angle of attaCli alter;:-ates periodically le”tweea +a and -a.



Let r’e be tile circ-ulation allOilt the airfoil ill in-
finite fluii and at angle of attack U.*, a~il. t = the Wing,,
Clzo?d. Thei~ tile ci:-culation at ~oint x is .

Next Te f~rr~’ r , as an ai2~.10.gOil,S l’ourier series with as
\x)

yet -I,-ll.-IIOT~~L:coe Ifi Ciei?tS...--..

Then the velocit~. es iil z d~reCt~OzI DrOdUCed at the 3.OCYLS
of the wini are accord -irlgto the a.irfo~l tb-eory (refe~.-ence
.1c>)

“m (2n-E2. )iT
“~( >: ) = ru. : a(2g -i _:l._i_;...................---:..—..- Sii?!7 (~ ,,+ 1) ;

,,- .,. .. .. .. ... ..,’,.
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,., -.,
Allow;’ing”for

ciivct*———..—-.——= r
~ cm

Putting

we have, since the coefficients of the corresponding terms
of the two Fourier series must be equal:

a(2n+l) =
4———.-——..—— .-———..-.-————-—-————---—.

TT(2n+l)[l-F Q8~::”(2n -1-1)-J

We write 3L——--—. ==,[, so that
Ct’n

r(x) _ +lm’ sin(2n + 1) ~ IT
———- — - —_ ——— ——_______— -—._.—__
rm IT3(2n+l)+~(2n+1)~

. .

[

@ sin (2n + 1) TT“~ m.sin (2n + 1) Tr ~
= ; z .–--–--;-;-;-;-’--– – ~ ––-–-–––-–-.–----––

G 2n+l+~0 1
a- sj.n (211 -i- 1) Tr ~

= 1- : g -––—-–”-––––––=– for 0.: 3:< t.
:;ni-l+h
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The calculation and representation of the d.istrilmtion
curve is developed !with the aid” of the solution of the next
problem.

Allowing the period 21 to grow agaiilst w in the
present problem, yields proti.lem1. .AccordiaS to Betz XQd
Petersohn (reference 4. p. 256), it results for this case
in

wherein S5. and Ci deilote the functions of the inte-
grals sin and COS, respect ively..(reference G) . It is
found that the circulation distrilmtion has a singularity
of form Xlgx at the focal point.

Problem 3: Open ~et “of rect anzul %r_&eg-t.$.on..-The coil-——..
ditions at the boundaries of a rectangular open jet of
width Z and height h arf3 fulfilled for .a wing spanning
the jet with the following assumption , Fur infinite fluid
we find in pl.me y=o at tho points z = mh (m inludes
all positive and negative whole numbers as well as zero) in-
finitely long wings with periodic, variable ailgle--of-attack
change, alternating between +a* and -a* . The period is
equal to 21 and the reversals are at points X= o,”’+~,

+21, .,. (fig. 1). With this assumption all velocity compo-
nents in the direction of flow on the surfaces x = mt an3

z= (2u -f-1) ~ are macle to disa,ppea,r.

According to the airfoil theory, t“he w componeilt of
the velocity induced at the locus of the wiilg in the x axis
is

x-x,
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ii Consequently,i*. .+XJ~r,

1 ‘“

,\ $(x.J
w(x)

.& ,,:’_._._. Ctich; (X’Q” XZ) dxl.
-m dx ~

‘,
~ The angle of “fattack can be expanded in a Fourier series:, ‘
,]
;j ~sin(2n-f-l)n~

1 a(x)
=a*&~ ...————4

j: ITo 2n+l

and we form\

r(x) = I’m j a(2n+l) sin (2n 1- 1) n ~

\ Then
1 m a~2n+1~ (2n+l )n ““
[ W(x)”lk ~– — ~ ~-z-—-

I-r “’
Jcos(2n+l)n ~ csCh ~ (x-xl )dxl

I
o -m

I The iiltegral in this equation becones with : (x-xl) = v

+73
J=; cos(2n+l)n ~~ _f= cos(2n-t-1) + v

It iS
~mcos(2n+l) ~ v Csch V dv =
-Cn

and (reference 8)

~m sin(2n+l) ~ v Csch v dv=n
-(x

CS(+J v d-v

V Cseh V dv.

0

(2n+l) ~ n
e +1
‘“-------i--”——
\2Z.1+1)~ l-r-~

e

Thus (211+1) $ n

m ~n+i) ‘2n+1)u e ‘1 sin(2n-F1)n x
~(x) rm z —.- ..— -—

0 41 e(2ni-1) ~ n-l 7

The insertion of a Fourier series for, a (x) anCl w(x)
in equation

r

r (x)
=Cvt;

-—-la(x) - @
2

L
results in
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4
a(2n+l)=

-—

[

(211+1).* ii ;;]
c t Tr(2n+l). e-

. 7T(2n+l )., 1.+. -.--8—1-, ----
(~n+l ) ~ ~-”-..,, e -1I

, . . . . . ..,.
and consequently,

.. .

grow

.

q%)

ra
4=-
IT

,, ,. sin(2n-1-1)Tr ~
.— —.—

‘r

-Wl) $ ‘IT+1
c t n(2n+l) e

(2n+l ) 1 + -----—— ----- --——---–--———
81 (2n+l) $ TT

-1
1

h to

i-’ e L.

‘... !“ .. . .

calculation of function r(x) /rm.- Permitting
against C9 in, the last equation kyives
.:,

.. ... . .

:.

(Zn+-1) ~ IT “
Q__._..-__+~+~ = 1.
e(2n+l) ~ ‘n

-1

aad we obtain with equation

t-he solution of proll em. 2 again.

The point, therefore, is to compute
*

sin(2n-1-1).m ~ ~ .,
s = i -“”--------------..

0 2n i-1-l-}&

Assuming x/Z -to take successively the values
0.25, 0.125,-0.0625; we obtain

S1 = sin ~-; #-QL_

,,.

,[.

“U3
S2=” ‘?-T

4’
s“in-

(-1)”-..——.-... +;
04n+l-1-Ao

(-l)n 1—.-.—--
4il-t.3-i-A

0.5,
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m n
s~=” .-

‘ln & ~16n + 1 +“~ 1+.;__I-l)n
~16n+15+, h

r~ n

1
+ sin ti ~ . (-1) + ; .-&.&.-

16 o16n+3+~ 016n+13+~ .- 1

All existent sums are of the type of S = ; -M.f.

Then
~l=o an -t-3 “

; (-l)n ~1 tb-l ~ t--—- = ——
oan+bo l+ta

Partial fractionation of this integral leads to a log-
arithm and an arc tamgent, by means of which the sums can
be computed. The calculation was carried through for in-
tegral A values from 1 to 9, which practicalljr covers ~Lll
interesting ratios of jet width to wing” chord. The ob-
tained figures are given in the first part of table I
(h=m),

I
Figure 2 shows the trend of r(x) /I& for constant

w ng chord and increasing jet width. The enveloping curve

for $=m is Betz and Peter sohnr s distribution curve.

In figure 3 the course is given “for constant jet width and
different wing chords. This solves problem 2. Prescribing
definite values (rectangular jet) ~or h/Z , the expression

e (2n+l )~_~+d h) is seen ‘0-.—— = C (2n -1-1,7
e(2n+l) $ n-l

converge toward I after ~ery few ~erm~ of the series. T.hus
the above computed sums can be Used by bearing in mind the

effect of the function c (2n+l, ~) on the first terms

.

—
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of the series. !Nne r(x) /rm values are given in table 10
The trend of the ’c-urves for ,di’fferent jet sections with
varying wing chord is shown ia figures 4, 5, and 6, whereas
figures 7 to 1.0 give. 17(x)/17’ versus h for difforont h/1 .
This solves .problom 3.

Probl.erg4: OPe.~._jet of g.ircu~~r spc$~~.-= A so].ution
‘As shown at the %egigning ofcan be effecte~ as follows.

the report, the fulfillment of the jet condition within
the first order stipulates that the component of the inter-
ference velocity in direction x becomes zero at the jot
‘ooundar;ri ‘T-hointegration along t“he streamline reveals
that the potential of the interference velocities at ti~e
jet boundary must be co~stant an? has the value zero. Con-
seqv.ently, the streamlines of.the interference flows a,re
perpendicular to the jet boundary. This condition is ful-
filled with the circular jet in a section far,aft of the
wing. The thus formulated boundary condition prescribes
that the d.isturbanco due to t-ho circular contour be con-
fiilod to radial direction only.

For symmetrical reasons the origin of the coordinates
hereinafter is placed in the center of the jet. 17ithin
this circlo tho equation

r(x, = +[a*-++
must be fulfilled for constant c.t*and t. With conformal
transformation the radius of the circle lecomes R = 1.
Thenthe circle is plotted by the function .,

z i-e-=
---—-% ‘r c “

-i”l” i-z.
l-ie 1- iz..

onto a,yeriod strip (fig. 11) ●

*

.“, : “.
.
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h

1

2
3
*,

5

6
7
8
9

1

2
3
4
5

6
‘7
8
9

1
2
.3
4
5

6
7
8
9

TABLU I

—.—. —. ——. ..---— - .,
x
-=
t

0.5
.—

0.559
0.727
Oo805
0.849
0.877

0,897
0.911
0.925
0.930

.—

0.531
0.702
“0.734
0.831
06860

0.883
0.898
0.910
0.920

—

0.498
0.s78
00765
0.813
0.845

0.868
0.886
0.899
0.909

0.25
—..

0.482
0,654
0.747
0.802
0.835

0.862
0.877
0.893
0.903

.—

0*470
00634
0.733
0.790
0.823

I
0.853
0,869
0.885
0.896

——.—

0.447
0,614
0.717
00’?76
0,812

0s837
0.860
0a877
0.888

0,125
-.—.——— ...

0.361
0.523
0.624
0.68,9
0,738

0.770
0.800
0.819
0,837

06352
0.513
0.616
0-682
0.730

0.765
‘0.795
0.815
0.833

0.338
0.502
0.609
0.675
0.724

0.759
0.790
00810
0.829

0.0625.
.——. —

0.252
0.386
0.478
00543
0,596

0.636
0,670
0.698
00722

0,248
0a382
0,474
0.539
00592

0.633
0.667
0.695
0.720

0,242
0.376
0.470
0.536
0.589

0.630
00665
0s693 ‘
0.718
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.—

h

-—.—
1

:
4
5

6
7
8
9

——

1
2
3
4
5

6
‘7
8
9

—.-—

1
2
3
4
5

6
?
8
9

TABLE I (cont!d)
~ ,—...--—. ——.—. —--————-,.

x
-=
.

0.5
.——.

0.458
0.632
0.723
0.’778
0.815

0.841
0.861
0.876
0.889

— --

0.333
0.499
00600
0.667
0.713

0.750
0.778
0.800
0.819

0.238
0.382
0.481
0.557
0.612

0.653
0.688
0.716
0.739

b
0.25 0,125

-— —. —.-

0.419
0.586
0.690
0.752
0.791

0.823
0.841
0.861
0.874

0.319
0.477
0.588
0.659
0.’705

0=745
0.771
0.795
0.813

—.—

0.236
0.379
0.478
0.552
0.609

0.652
0.686
0.715
0.738

——.-

0.323
0.407
0.594
0.661
0.715

0.752
0.782
0s802
0.821

Oe261
Oe422
0.531
0.605
0.651

0.701
0.734
0.761
0.784

0.211
0.349
0.453
0.531
0.589

0.634
0.672
0.701
0.726

0.0625
— .-.—

0.222
0.368
0.462
.0.529
0,583

0.625
0.660
0.688
0.714

0.205
0.333
0.430
0.501
0.557

0.600
0.638
0.667
0.694

0.172
0.293
0..38’7
0.457
0.515

0.561
0.599
0.632
0.660
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The x axis (-1 <x <l) becomes the g axis
L7 . . .. .

(O C f ‘i) because” X = i-~s~f~i-~:’Th”e section of the
\,:.
,!

I periphery lying in the semi-plane!~ X<o becomes the
~. straight line ~ = O, the other half becomes t = l-r:
I The above equation must %e transformed in the 5 plane.

Then

dz= -2 i ei c
.-— .——-——— -—-
dc(l _ i eiL)2

dx.. 1—-— — ———_ z______
d~ 1 + sin g

Accordingly,

Thj.s equation must be fulfilieci in the ~ plane.
The fulfillment of the jet &ondition which stipulates iil1,
the ~ ~laile that on both boui~dary straights ~ = O and

I

I
~ = TT oiily flows in direction of ,the normals may’ occur,
can be effected by reflection method as sho’rn i-nproblein 2.

I It resnlts in the equation1

b} the minus sign for the iilt~rvals (2p- 1)’rT<c<2p TT,
the plus si~ll for the ilitel’ValS 2pl-r<5<(2p+l)n. The
solution is again effected by e:qia-asj.oain a Fourier series.
We expand

.
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..

“2 sin (2n + l)X d ~
%2U+1) = : { - 1 -!-sin x

With as ‘yet unknown. coefficients

TtQe comparison of the coefficients of correspondiilg
terms discloses the following sysism for the desired co-
efficients a(2n+l):

t ,. .,.7.. . . . . . . . . . . . . . . <- . . . .

-_..:.. . . . ..,: .- : . . . . . _. ;....- ..- --.. . . ~ ..;....~,.~, . ,. -. . . . - . . ..,>, ..’..:.$..,.:,,,::: .... -- ,
.- ——-‘,,..St’-.’,,...’..,.: .’ - - - .,

.-. /! :. --,.:,, ,,.— ., , w. ! , . ,



which is solvable
integra%s

*’2COS 2 m ~
Jl=f ——...——.————

0. 1 -i-sin [

by iteration. The calculation of the

TT/2
J Qn (2n-tl)Ld~

d ~ and J2 = .—L—___—- —
1 + sin ~

for definiltg bzm and 6(2n+l) =,wives the v~lues j.~ a f~r~

w;tic~loffers difficulties to further calculation. It. is
more expediei~t to approximate the function f (g) = “

1--—.——.-— in the interval O ~ L S n
1 + sia~

by a rational function.

A first approximatioil would form the parabola y=

vi-:)2+; zwhich at poir.t g=(), TT/2 and TT coincide
Tr2 \
mj.t:~.the previous curve. Approximation with fuilctiofi

~’,’~+ b (~- ;’?+ ~y=a$=
‘/ ‘\ /

is “oetter, wherein a arid b are so defined tliat at point’
5= O(for ~=TT also for symmetrical reasons) the value
of the function and the first derivation agree with the
previously cited function. The subsequent calculation is
made with this approximate.ou. It is

I

hence

,.
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. . . 3T’owthe. c.oefficien~s a(;;~+l) .can le defined ,l)y

.- ——————------. ——..-—

li R_-——_
Ctll

——.-—.-.— . ...

1

~

6

7

8

9——-..—-..-—..-

--------------------------------------------------- ..---—...--. -.-- —..—....____

0’.0

f)*915
—--.—--.—.-...—.

x—=
R

Qogcjcj

,—— —-- .- —.--—

0.821-————_._._..-_

1jo~*?4

19.356

‘0.447

“ .510,“)

(3.~y~

o.~~~

oo65i

0.680

[:.709
,--..-——,.-—.—.--—

The tread of the distribution cu~ves is seen in
figures 12 and 13.

,.
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The calculations describ”ed in the precedi-ng sections
were proved experimentally. The set-up is illustrated in
figure 14. At a is the nozzle of a blower. The illus- ‘
tration shows the arrangement for the measurements on the
circular jet (R = 20 cm). In another case the jet was
given a square section (h = 1.= 30 cm), and in still an-

other a rectangular section (h = 15 cm., 1 = 30 cm, henceLn
-= 0.5 cm).,. The velocity distribution across the jet
1.
section proved to be sufficiently constant in all cases.
A model airfoil (Ggttingeil No. 399) of t = 10 cm chord was
mounted on a U-shaped frame h. The distance from the
nozzle edge to the leadiilg edge of the wing was 10 cm, be-
cause t-he static pressure assumes a constant value at that
distance. The wing has at b 16 orifices distrifiuted a-
cross the section (figure 15). The test stations are con-
nected to the multiple pressure gi:.g,e c by means of tubes
and rubber ‘nose. T’he pressure patterns were photographed
with camera d, as illustrated in figure 16. The wing can
be made to slide normally to the jet axis with the frame
h (fig. 14) along the guide rail g. The amount of dis-
placement is determined on scale f and marked at every
exposure. The measurements included. - with rectangular
jet section - the following angles of attack: -30, 00,
30, 60, 90; and _ with circular jet section: -20, ~o, 30,
and 50. The }Viildspeed was 30 ~/s. The figures taken
from the pressure photographs were made nondimensional by
division wit-n t-he dynamic pressure of the undisturbed flow

q= By plotting the figures against the orifices projected
on the air stream direction as abscissa we ol)tain pressure
profiles whose contents represent the lift quota of. the
test section. Several ex,amples for the square jet are .
shown in figures 17 to 19. The figure above each pressure
profile i-ndicates the ratio of dista-nce of the test sectioi~
from the jet center to half “the jet width. With Ca (x) =

dA_—————— the pertinent
qtdx Ca (x) is obtained for. each test

section.

IV. THEORY VS. TEST

lulal~sis of Profile co~-stant,__g.- According to the-—— .—————
profile measurerneilts (refere~ce 9)

Ca = 3.82 a*



for the empl.”eyedairfoil (a* messy.red in radians from
point Ca = 0). These ueasureuents had been made with a
characteristic value 3 = 6,00C mm‘x El/s, in contradis-
ti~.c$ioa to our rteasurenents nith g = 3,000 mm X m/s.

.All,Qwing for this f+ct results in

Ca = 3.66 U*

as prchatilc value according to..Wiesels3erger 1s expez’i.me-nts
(r:?fe~-e-:~ce9, p. 54, etc. ) “:, .!,.

i“
~ The equation is val~’d for ‘~ = 5 aspeCt ??a~i~b For

,conversion to the wing of. infilnite span we used Glau~rtls
fGrclll.la(reference 10) for wings ?.ith rectangular contour.
It yields ,...l..

d Cam
,

cam := 5.02 CL*,W and ‘~”-~-– = c = 5“02 ,...,
:,

Detei-mination of actual~et dimensioils.- IQ order ‘to—.-—....—————————.—_-..-—-_—___ --—...—..———.-..-——
st-~.d.ythe effect of the jet. coiltrac’cion acd the mixing zqile
a; t.h: ,jGt bonnd.ary on the jet dimensio~~s. the course of tke
flo’i<,.vtilocity vas measured in the pla~le of the wing le~.diilg
e’@8e normally to the jet axis, The coastant valye within
the jet served as height of a rectangle;
proportioned that

its width, so
rectangle and velocity profile are of

equal volume, is defined as actual jet width., Thu S:

,lj=”~ =, 2~.1 CII for the square jet,

The jet radius for the circular jet was ascertained as
equal to the i~ozzle i-adi-as (R = 20 cm) , because of t’he
ompositi~n offered. by a svecial design of” the nozzle (con-- .
strict ion l~fore the- mouti) against ~he otherwise produced
contraction.

The wing chord was t = 10 cm;

for tlie”sqtiar~ a~ld ‘rectangular jet

thus

,,
.,.

for the circular jet.
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r(x)
Commarison.- The values for

r@—
can be read from

..,.
the computed tables a,nd from,figures 7 t~ It-,,

*. .,,. .

It iS

d A(x)-——
Ca(x) =

~ztdx.#

and with

(p = fluid density)

●

it is

-Luzl
Ca(x) ‘. V t

sinilarly

thus

a s ‘J.SedfOl- computing the theoretical values of Ca (x)

for t;~e different angles of attack. The tread of the lift
distribution with square jet section is shown in figure 20,
~TitllI“scta:lgular section in figure 21, and with circular
sectioc in figure 22. The small circles de~-ote tile ~lRas-
ured values. The trend of the theoretical and of the ex-
perimental c=rves is patexitly in fairly close accord, th e
measared valaes beiag somewhat less than the theoretical.
This ti.iscrepancy diminishes as the an~les of at’tack tie-
crebases. The cause of the greater discrepancy toward the”
jet ‘~OUildarywith the angular jet sections is that the
‘olower jet has rounded-off corners as a result of the mix-
ing zone. Hith the circular jet w’here tb.is effect does ilot
exist, the agreemeot is therefore substantially closer.
The very close accord of the total lift as defiaed tiy theory
and test is noteworthy.

Calculation of dra~.- According to the airfoil theory-—_——————_L-.__..—__
(reference 2, p. 27)

dw= P r(x) ‘(x) d x
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which, when s’~pplementsd by
,

IT(a -w(x) = .
Z%).;
Cvt

or~ith~vtcz=rm

1- %).
E lJ2t ~2__F_L_

‘(x) = 2 co

yields (reference 11)

l$d (~ . . w!l~: ,The fcrm of the function – t~lat is, the
\ rm ~

distribution of the drag de%s-ity is illustrated in figures
23 to 27 for different jet sections with varying wing chord.

Iil c~}nclusioil me compare the drag of a win~ extending
across ar- open jet with t’he drag of an identical wing (svan
equais jet width} for infiuite fluid wid’;h an assumedly ~1-
Iipiical lift distribu.tioa, the total lift to be the same.
It is

d A(x) = P r(x) Vdx

Lilcewise

*



1
.. .. ............... ..,... .

#
\

/

Jj

II N.A.C.A. Technical lie?norandum No. 723 21

,,/
Consequently

+r2ta2=

Aa
—--—-- ——.-—

., c ~ Vzfj @’12

2

1Then we substitute b for 3’ write the theoretical

in place of c (’=
d Cam ~vtllue of 2 n --.——

)’
aild pUt

\ d a.,

The factor
2 AZ—-—-—--—- is the drag of an aiz’foil of

‘rTo V212
span. t in infinite fluid aacl with assunedly elliptical
tlIstri%utIou of lift (reiere;:~ce 2, p. 32).

drag of a wiilg spannin~ an open jet is greatei- than the
comparecl mOilOplail~ of span equal to jet width in a fluid
Of iiifinite extent. The value 0:? K can be oltained hy
planimetration of figures 3 to 6 and the value of y
‘-em fi~;ures 23 to 27.f1 The dependence of ~ Oil t/ 1 is

consequently so slight as to be within accuracy of the
calculation.

To? the rectangular jet section we have

h_m-—
1

1.0 0.318

‘q = 1.50 1.67 3.10 4.52
))) -

The curve is shown in figure 23. For the circular
jet it disclosed T = 1.84, and for the wing of minimum
drag with given lift exiendiilg across a circular jet,
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proper warping of the wing being permitted, ~ = 1.74 at-.
cording to l;. Pohlhansen (reference 2, p. 56).”

Translation by J. Vanier,
National Advisory Coinmittce
for Aeronautics.

1. G1&itinger Dissertation. Refere-nt: ?rOf. Dr. IJ, F’raadtl.

2. Prandtl, L.: gragflugeltlfleOri e. Neudruck :n Prandtl-
betz, Vier Abhandlunen zur liydrodyllamik und Aerody-

F
ilaaik, p. 9 , etc., Gottingen 1S27. 3T.A.coA. T*N* 1$0s.
9 and 10, 1920, (a3rid,Sed).

3. Ackei”et, J.: Energicverl’~ste an Gleichdr-,’.cktu:~3iliei~
Stodolafestschrift , Z~~rich, 192S, p. 1.

Ackeret, J.: InllIiydra-.’.lisclhe Frobleme, ‘15erlia, 19~6,

P* 177.

4. 3c?tz, A. and Fete~solu~, Il.: COIitri3utiOn to t-he .4ileron
‘Theory. T.H. No. 542, N.A.COA. , 1929.

5. Knopp, IIo: Tkeorie der unendlichen Reiheil, 1924, p. 375.

6. Jahike, E. and Er.de, ??.: ~un?.:tioi?e:~t~.fel~l,Liepzig, 1923,
p. 19.

7. Scnl~uilch, O.: Arch. d. liat~~.phys. 1849,.’.I?&rtla, .Po
130.

9, Frandtl, L.: Erg;ebnisse der .%ei-odynami.sheen Vers’.zch-
Sqnstalt ZU GOttiil~en, vol. 1, pp. 92 and 105. ;}%nich,
1921f

11. Trefftz, E,; Zlf-.a.:l.l i.,’vol. 1, 1s,21, pf 206.
;,
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a, blowernozzle
h, airfoilmodel showing

test stationat b.
c, multiplepressuregauge
d, camera
f, scale
& guiderail

Figure14.-Testarrangement

Figure 16.-Presme distributionphotograph
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Figure 19.-Pressure profiles for square jet
section,om~le of attaclk=+9C.
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